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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1 Process Tomography Overview 
 
 The widespread need for direct analysis of the internal characteristics of 
process plants in order to improve the design and operation of equipment has made 
process tomography a main research activity within the industrial instrumentation.  
Originated from the Greek words ‘tomos’ which means slice and ‘graph’ meaning 
picture, tomography can be defined as a slice of a picture (Williams and Beck,1995).  
In simple terms, tomography is an imaging technique that enables one to determine 
the contents of a closed system without physically looking inside it. 
 
 The concept of tomography was first published as early as 1826, by Abel, a 
Norwegian physicist, for an object with axi-symmetrical geometry.  In 1917, an 
Austrian mathematician, Radon, extended Abel’s idea for objects with arbitrary 
shapes.  During the 1970’s, tomography is used in diagnostic medicine by utilizing x-
rays to form images of tissues based on their x-ray attenuation coefficient. Godfrey 
Hounsfield and Allen Cormack were jointly awarded the Nobel Prize in 1979 for 
their pioneering work on X-ray Tomography.  
  
Process Tomography was originally developed for medical scanners, thus 
tomography is often perceived as an imaging tool for medical examination purposes.   
The industrial process tomography (IPT) began in the 1930s when much attention 
was paid to resistivity sounding. This technique involved passing currents through 
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the ground to determine the location of mineral deposits and geological structures, 
and geophysical exploration remains an important application of tomography today. 
But it was not until about 50 years later that people began to investigate low-cost 
methods to image the flows in pipes and vessels found in manufacturing. This work 
was pioneered by researchers at the University of Manchester Institute of Science 
and Technology (UMIST) in the UK and the Morgantown Energy Technology 
Center in the US. Process Tomography has since been grown globally to other 
countries such as Norway, Netherlands, Finland, Sweden, Germany, China, Japan, 
Malaysia and many others. 
 
There are different requirements in an industrial environment than there are 
within a medical one: different regulations regarding for example use of ionising 
modalities and different speed requirements (West et al., 1999).  Technically, 
Process Tomography can be described as imaging process parameters in space and 
time.  Important flow information such as concentration measurement, velocity, flow 
rate, flow compositions and others can be obtained without the need to invade the 
process or object.  As a result, cross sectional images of processes generate better 
online inspection, monitoring and process control - promoting improved yields and 
more effective utilization of available process capacity.  Potentially, tomographic 
systems may also be an alternative approach in developing and verifying process 
theories and models, as well as for improving process instrumentation (Dechsiri et 
al., 2003).  
 
 
 
1.2 Background Problems 
 
 The earlier researches done by Ruzairi (1996), Sallehuddin (2000), Khoo 
(2002) and Hisyamuddin (2002) have shown that the optical fibre sensor is 
applicable in flow visualization (image reconstruction).  The acquired concentration 
profile from the image reconstruction is needed together with the velocity profile to 
complete the mass flow rate estimation in a pneumatic conveying system.  Basically, 
the principle of measurements in tomography is to obtain all possible combinations 
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of measurements from the sensor system.  The higher the measurements obtained 
from the sensors, the resolution of the system would be better.   
 
By using the parallel projection, previous researches have each faced the 
problem of obtaining a high resolution of their system.  This is because the parallel 
projection method limits the number of measurements to the number of sensors being 
used.  In his research, Chan (2002) has implemented the switch-mode fan beam 
projection technique to obtain flow visualization using LED as light source but 
resolution and the number of sensors in his system is limited by the physical size of 
the LED emitters.  Thus, this research will focus in implementing the switch-mode 
fan beam method using optical fibre sensors to increase both the number of sensors 
and number of measurements in order to obtain a system with high resolution. 
 
Heat dissipation (measured by the unit Watt) in electrical and electronic 
devices is a problem often faced by many researchers.  Previous researchers in 
optical fibre process tomography (OFPT) used the halogen lamp as light source. 
Inside the halogen lamp, contains the halogen gas.  At the centre of the lamp is a 
tungsten filament.  For the halogen lamp to function, electricity heats up this filament 
and the halogen gas will combine with tungsten vapour.  The halogen may not 
adequately vaporize or fail to adequately react with the tungsten if the bulb is too 
cool.  Thus, the halogen bulb surface must be very hot, generally over 250 degrees 
Celcius (482 degrees Fahrenheit) (Khoo, 2002).   
 
This high temperature of the halogen bulb surface will cause massive heat 
dissipation to the fibre optics and if proper cooling systems, such as fans are not 
installed near the halogen lamp to circulate heat, the fibre optics might melt.  To 
solve this problem, it is better to take precaution by choosing a transmitting device 
which does not produce heat dissipation as much as the halogen lamp; and the 
infrared is being selected as light source in this research.  The laser diode is not 
chosen due to its high costs and LED is not preferred because the LED light is 
considered as visible light which can easily influenced by noise from the surrounding 
environment light source.  
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In the optical tomography field, many researches have concentrated on the 
back-projection algorithms originally developed for x-ray tomography.  The Linear 
Back Projection (LBP) method is the simplest in concept and the easiest to 
understand, but it produces reconstruction with substantial artefacts (Oyvind, 1996).    
Sallehuddin (2000) and Chan (2002) have introduced back projection filtering 
techniques which managed to achieve better image quality.  Alternatively, the use of 
priori knowledge would improve image quality (Dyakoswki, 1996). The iterative 
reconstruction method used in ECT provides a way of incorporating a priori 
information into the image reconstruction and this technique will be investigated in 
this research. 
 
 
 
1.3 Problem Statements 
 
 The design and development of an optical fibre process tomography (OFPT) 
(Chunsheng et al., 2002) requires understanding and knowledge in various fields.  
The mechanical field covers the sensor fixture or flow rig design.  The electrical and 
electronic fields include the power dissipations, electronic devices and digital 
systems whereas the instrumentation and control fields comprise of sensor design 
and data acquisition process.  In addition, the study on medical field is important to 
apply the image reconstruction techniques while the computer science field yields 
familiarity in designing application software using certain programming languages.  
Generally, the problems encountered and solutions obtained during this research are 
shown as below: 
 
? The fibre optics coupling with transmitters and receivers often results in 
signal loss.  When signal loss occurs, the transmitters and receivers are not 
able to provide accurate physical signals to be processed.  To solve this 
problem, a custom-made housing has been designed for the fibre optics and 
sensors coupling.  
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? The heat from the candle used to model the fibre optic lens does not give a 
standard and fixed shape of len’s surface.  Ramli (1998) and Sallehuddin 
(2000) have designed the lensing jigs but due to the unavailability of these 
jigs, time and cost constraints, the modelling are being done using the simple 
methods applied by Ruzairi (1996).  The modelling of these fibre optic lenses 
will determine the projection angle of the light emitter, so experimental 
methods are used to obtain the desired angle.  
 
? In real-time data acquisition, the data acquisition rate plays a major role in 
determining how ‘real’ the online measurement is.  For a total number of 16 
pairs of optical sensors employed by Chan (2002), the data acquisition rate 
obtained is 300 fps.  In this research, the number of sensors is doubled to 32 
pairs, thus the data acquisition rate will be theoretically lower.  However, if 
the sampling rate or experimental span is too low, information about the 
detailed fluctuations of the continuous waveform signal will be lost 
(Makkawi and Wright, 2002).  Therefore, the multiple projection technique is 
implemented in this research to attain a higher data acquisition rate for an 
increased number of sensors. 
 
? To convert the analogue signals from the signal conditioning circuit, the 
Keithley DAS-1802HC high speed data acquisition board has been selected.  
The challenging task here is to study and perform the background operation 
using Direct Memory Access (DMA) technique together with the burst mode 
sampling in order to synchronize the data acquisition process with the 
microcontroller, signal conditioning circuit and also the sample and hold 
circuit.   
 
? Compared to Visual Basic, the Microsoft Visual C++ version 6.0 
programming language provides an added advantage of achieving a higher 
performance measurement in supporting the bulk processing codes for image 
reconstruction calculation because it is a fully compiled computer language in 
native language.  Although the Visual C++ is able to accelerate the image 
processing rate of the tomogram, the image processing rate is still dependent 
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on computer’s processor speed.  Since the DAS card available in this research 
can only be used in the computer with ISA slot, the image processing rate is 
limited by the Intel Pentium III 933 MHz processor. 
 
 
1.4 Importance of Study 
 
 The implementation of fan beam projection in optical tomography is still in 
the early stages compared to the parallel projection method.  The research carried out 
by Chan (2002) shows that the fan beam method results in a better resolution and 
precision of flow visualization in comparison to the parallel beam.  This is because 
the switch-mode fan beam projection has the ability to obtain more measurements 
from a limited number of sensors.   
 
The application of multiple switch-mode fan beam projection technique is a 
novel approach in optical fibre process tomography (OFPT).  Sallehuddin (2000) has 
initiated the usage of fan beam projection method in optical fibre sensors but his 
research only yields a fixed transmission mode using the source directly from 
halogen light.  In the research done by Chunsheng et al. (2002), diverging rays from 
a LED array are transformed into parallel rays by optical fibre coupling and 
collimating systems in the light emitting part. 
 
 By definition, multiple fan beam projection technique here is described as 
allowing more than one emitter to project light at the same time using the switch-
mode fan beam method.  There are two types of multiple projection technique 
involved which are the 2-projection and 4-projection techniques. When two or four 
transmitters project light at the same time, the total time to complete one frame of 
data acquisition will be shorter, thus it is believed that both these techniques are able 
to achieve better timing performances in data acquisition process when compared 
with the conventional single light projection used by Chan (2002).   
 
Generally, with the implementation of multiple switch-mode fan beam 
projection technique together with fibre optics, it is believed that the resolution and 
hardware data acquisition rate of the optical system can be improved.  Therefore, this 
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will minimize data lost and is able to produce a more accurate real-time tomographic 
image.  Further investigations on the mass flow rates of certain solid materials will 
determine the suitability of using the developed optical fibre sensor system in the 
process industry flows. 
 The importance of accurate, reliable and robust sensing technology for a wide 
range of industrial processes (Mark, 2004) is recognised by many industries.  To be 
reliable, the sensor must be kept at a certain level of efficiency when operating in the 
plant.  With this specific sensor requirement in mind, the operation of optical fibre 
sensors system in this research is being controlled by the computer and 
microcontroller.  Since light goes through fibre optics and then diverged into fan 
beam before being received by the fibre optics at the receivers’ boundary area, the 
system has to have high pulsed current to drive the transmitters. 
 
When the power is supplied to the transmitters continuously for a long time, 
it will produce considerably high heat dissipations which will make it become hot.  
According to the forward current (IF) versus temperature graph (T) from the SFH 
484 datasheet, it is shown that when power dissipation increases, the temperature 
increases and thus, the current of the emitter will decrease.  For a LED or infrared, 
the relative efficiency is defined by the luminous intensity per unit current 
(Boylestad and Nashelsky, 1999).   
 
This means that when temperature or heat dissipation increases, current will 
drop and so will the luminous intensity.  To maintain the efficiency of the infrared in 
this research, the light projecting circuit will remain ‘off’ unless the computer sends 
a signal to the DAS and microcontroller to start light projection and data acquisition 
process.  After the user stops the data acquisition process through software control, 
the light projecting circuit will once again become idle.  In this way, the hardware 
system has low energy consumption and power resources can be conserved.  
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1.5 Aims and Objectives of the Thesis 
 
 The main aim of this research is to implement the multiple fan beam 
projection technique in optical fibre process tomography for flow visualization and 
determining the mass flow rate of the plastic bead flow in a gravity flow rig.  The 
proposed technique opens the gateway to a new sensing method which is able to 
solve some of the problems faced by researchers in a cost effective way.  The 
specific objectives of the research are shown as below:  
 
1) Fully utilize fibre optics as the light transmitting and receiving mediums for 
the most suitable photo emitter-detector pair in the hardware construction.  
2) Fabricate a 32-sensors prototype hardware system which implements the 
microcontroller based timing circuit.  The completed sensor’s system will be 
fixed to the gravity flow rig to obtain flow visualization and mass flow rate 
results. 
3) Investigate the methods of implementing the multiple fan beam projection 
technique using switch-mode fan beam method to obtain at least a 600 fps 
data acquisition rate. 
4) Solve the forward and inverse problems of the optical system by developing 
mathematical models, sensitivity maps and investigating the feasibility of 
applying iterative image reconstruction method used mainly in the ‘soft-field’ 
sensors into the optical fibre sensor system. 
5) Develop a real-time image reconstruction software using Visual C++ 6.0 for a 
faster image processing rate. 
6) Investigate the performance and capability of the developed system, 
including resolution, speed and also accuracy in flow concentration and mass 
flow rate. 
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1.6 Research Scopes 
 
The research scopes are divided into: 
 
i. Sensor’s fixture and selection of sensors 
The first part of this scope is the mechanical design of sensor’s fixture, 
including the size of the suitable pipe, geometry of the sensor’s placement 
and preparation of the fibre optics.  Next is investigating and comparing the 
performances of phototransistors and photodiodes in high frequency 
responses.  Other characteristics to take into consideration in the optical 
sensor’s selection are the compatible emitter and receiver’s spectral 
responses, sensitivity, fast transient time and fast settling time. 
  
ii. Circuit design 
The circuit design is comprised of light projection circuit, signal conditioning 
circuit and also sample and hold circuit.  The light projection circuit includes 
studies on selection of transistor that is able to support high (pulsed) current 
without overheating the circuit whereas signal conditioning circuit involves 
studies on current to voltage converters, signal amplifying circuit and wide 
bandwidth op-amps to support high frequency responses.  Meanwhile, the 
sample and hold circuit needs understanding in sampling analogue signals. 
All completed circuits are fabricated onto the printed circuit board (PCB). 
 
iii. Timing control and Data Acquisition System design  
Timing control is the ‘heartbeat’ to the whole optical tomography system.  In 
this research, it involves studies into using microcontroller to generate and 
control signals for the timing circuit.  Other studies include investigating the 
achievable projection frequency and other associated signals to be used in 
communicating with DAS 1802HC as the gateway to interface with the 
computer. 
 
iv. Software design to perform real time image reconstruction 
This part of the research scope covers the learning of Visual C++ 
programming language, designing the graphic user interface (GUI), bitmap 
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drawing and program optimization to achieve a fast image processing rate.  In 
the DAS-1802HC acquisition system, function call driver involves the 
concept of direct memory access, burst clock, input trigger signal and output 
trigger signal.  
 
v. Mass flow rate measurement 
The mass flow rate measurement of solid material flows in gravity drop 
conveyor using a single layer sensor cannot be obtained directly through 
velocity measurement.  Therefore, the flow rig calibration process for the 
selected solid flow need to be done to obtain the relation between the 
concentration and mass flow rate measurement. 
 
 
 
1.7 Organization of the thesis 
 
 Chapter 1 discusses the process tomography overview, background problems, 
problem statements, importance of study, research objectives, and research scopes. 
 
 Chapter 2 presents the literature review of the research which relates to 
tomography system overview, types of tomography sensors and types of projection 
available in this field.  The applications of tomography in industrial processes will 
also be explored.  
 
 Chapter 3 reviews the solutions to the forward and inverse problems.  This 
chapter revolves in generating sensitivity maps to assist in image reconstruction 
process and developing forward models to simulate measurements for certain sensor 
projection geometry presented in this research.  Meanwhile, the inverse problem here 
will describe the image reconstruction algorithms which are used in real-time flow 
visualization.   
 
 Chapter 4 is about the overall hardware development of the optical fibre 
sensors system.  Selection of the most suitable photo emitter-detector pair is made 
and next is preparing the fibre optics to perform as transmitting and receiving 
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mediums.  A sensor fixture is designed to align the optical fibre sensors to the pipe.  
In order for the optical system to function, the circuit designs are discussed. 
 
 Chapter 5 gives an overview of the data acquisition system and also the 
software development.  Firstly, the data acquisition operation using Keithley 
1802HC is introduced.  Then, the programming structure is presented whereby works 
are mainly discussed in the flow charts. 
 
 Chapter 6 discusses about all the results obtained in this research.  The results 
analysis range from displaying the measured signals from oscilloscope during 
hardware preliminary testing, analyzing the achievable data acquisition rates, 
forward modelling results and also the real-time concentration measurement and 
mass flow rate results.  In addition, an analysis of the image processing speed will be 
commenced.  
 
 Chapter 7 states the overall conclusions and the significant contributions of 
this research toward Process Tomography field.  Suggestions for future work will be 
recommended as well. 
